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An Alternatively Spliced IL-15 Isoform Modulates
Abrasion-Induced Keratinocyte Activation
Tsung-Lin Lee1,5, Mei-Ling Chang2,5, Yu-Jei Lin1, Ming-Hsun Tsai1, Yi-Hsuan Chang1, Che-Ming Chuang1,
Yun Chien1, Tomasz Sosinowski3, Chih-Hsiu Wang1, Yi-Yuan Chen1, Chien-Kuo Lee1, Jau-Shiuh Chen4,
Li-Fang Wang4, John T. Kung2 and Chia-Chi Ku1
In a routine phenotype-driven screen, we identified a point mutation in exon 7 of the IL-15 gene in Pedigree 191
(deficient memory (DM)) of N-ethyl-N-nitrosourea mutagenized mice. The DM epidermis expressed an
alternatively spliced IL-15 mRNA isoform, IL-15DE7, and a wild-type (WT) IL-15 isoform at comparable levels.
Mechanical stimulation of DM skin or DM skin graft transplanted onto the WT host resulted in reduced
keratinocyte activation and inhibition of neutrophil infiltration into the dermis, demonstrating that DM
keratinocytes produced less inflammatory response to external stimulation. Ectopic expression of IL-15DE7 in
WT skin prevented abrasion-induced epidermal thickening, blocked the accumulation of nuclear antigen Ki67þ
cells in the basal and the suprabasal cell layers, increased loricrin expression, and also increased keratinocyte
CXCL1 and G-CSF production. IL-15DE7 also profoundly blocked neutrophil infiltration in SDS- or immiquimod
(IMQ)-treated WTskin. Recombinant IL-15DE7 failed to activate STAT-5 and its downstream target bcl-2 expression.
Our study points to IL-15DE7 as a potential therapeutic agent for treating neutrophilia-associated inflammatory
skin disorders.
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INTRODUCTION
Keratinocytes (KCs) are the major cell type of the epidermis.
Activated KCs produce a variety of growth factors, proinflam-
matory cytokines, and chemokines, which together trigger the
chemotaxis of infiltrating immune cells upon an injury and
promote skin inflammation (Freedberg et al., 2001; Freedberg
et al., 2001Cataisson et al., 2006; Chiang et al., 2012).
IL-15 is a pleiotropic cytokine that has been shown to
mediate memory CD8þ T cells, promote the development/
homeostasis of natural killer (NK) and NKT cells, aid in the
recruitment of inflammatory immune cells (Wilkinson and
Liew, 1995; Allavena et al., 1997; Verri et al., 2007), and pro-
mote angiogenesis (Angiolillo et al., 1997) and the production
of proinflammatory cytokines, tumor necrosis factor-a, IFN-g,
and IL-17 in inflamed tissues (McInnes et al., 1997). Although
IL-15 does not support the proliferation or activation of KCs,
treating the human KC cell line HaCaT with IL-15 causes
increased bromodeoxyuridine incorporation and decreased
ultraviolet B-induced cell apoptosis (Yano et al., 2003).
Patients with psoriasis express an increased level of IL-15 in
skin lesions (Elder, 2007; Yan et al., 2007). The function of IL-
15 has been demonstrated in an imiquimod (IMQ)-induced
psoriasiform inflammation in a mouse skin xenograft model
(van der Fits et al., 2009; Bouchaud et al., 2013), suggesting a
pathological role of IL-15 in promoting cutaneous inflam-
mation. Human Il15 resides on chromosome 4q28-31, within
the PSORS9 psoriasis susceptibility locus (Sagoo et al., 2004;
Zhang et al., 2003). The most significant association of the
single-nucleotide polymorphisms with increased risk for
psoriasis is found located at the 30 untranslated region rather
than in the coding, exon–intron boundary or the promoter
region of the IL-15 gene (Zhang et al., 2007). Although the
causal relationship between IL-15 and the pathogenesis of
psoriasis has not been firmly established, blocking inflam-
mation by inhibition of KC activation by targeting IL-15 is a
plausible approach for resolving cutaneous inflammatory
disorders.
In a routine phenotype-driven screen, we identified a point
mutation in exon 7 of the IL-15 gene in Pedigree 191 (DM) of
N-ethyl-N-nitrosourea (ENU)-mutagenized mice. DM mice
had an increased expression of an alternatively spliced IL-15
messenger RNA (mRNA) isoform, IL-15DE7. Although this
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alternatively spliced IL-15 variant is reportedly expressed in
normal mouse intestinal tissues at a very-low level and functions
as a competitive inhibitor in vitro (Tan and Lefrancois, 2006), its
biological functions in vivo remain an open question.
We found that this otherwise rare IL-15DE7 variant and WT
IL-15 concurrently expressed in the epidermis of ENU DM
mice at a comparable level. Although needle abrasion-
induced KC proliferation, cytokine and chemokine produc-
tion, and neutrophil infiltration in WT mouse skin, the
response of DM skin to the mechanical stimulation was much
reduced. Importantly, ectopic expression of IL-15DE7 com-
plementary DNA (cDNA) in WT skin profoundly inhibited the
KC activation demonstrated in mechanical abrasion, SDS-
induced dermatitis, and immiquimod (IMQ)-induced psoria-
sis-like skin in mouse models. Our results demonstrating that
the JAK/signal transducer and activator of transcription signal-
ing was not triggered by IL-15DE7 and the reduced neutrophil
infiltration to inflamed skin have implicated the therapeutic
potential for IL-15DE7 in inhibiting the innate immune
response in dermal inflammation.
RESULTS
An ENU-induced point mutation in exon 7 of the Il15 gene
results in prevalent expression of IL-15DE7 isoform in DM mouse
skin
In an effort to discover novel mouse mutant models with
pheno-deviant lymphocytes, ENU-induced G3 mice were
subjected to screening by a multi-marker flow cytometric
screen. P191 was identified as a mutant with highly reduced
CD44 expression within CD8þ T cells (Supplementary Figure
S1a online). As deficient CD44 expression within CD8þ T
cells has been shown to be a characteristic feature of IL-15-KO
mice (Kennedy et al., 2000), a deleterious mutation in the IL-
15 gene was considered a cause for the observed phenotype.
DNA sequencing of all exons and splice sites of the IL-15 gene
revealed a C to T point mutation (third position of the boxed
triplet codon) located within exon 7. This is a synonymous
mutation as both the B6 and the P191 sequence codes for the
same cysteine amino acid. We named this mutant IL-15 allele
DM for ‘‘deficient memory’’ CD8þ T cells.
To further analyze IL-15 mRNA, reverse transcriptase–PCR
(RT-PCR) of RNA extracted from peripheral blood lympho-
cytes was performed. As expected, a major band was seen for
B6 (Figure 1a). For DM, however, a doublet was seen, with
one similar in size to the B6 band and the other of slightly
smaller size, possibly resulting from a differential mRNA
splice. IL-15 mRNA was detected in cells of the myeloid
lineage, with macrophages showing a higher expression than
dendritic cells, and one major band for B6 and doublet bands
for DM were seen. No IL-15 mRNA was detected in B or T
cells (Figure 1b). DNA sequencing showed that the upper
band of the doublet was the WT (B6) form, and that the
slightly lower band was devoid of a 48-bp region that
corresponded to the 5’ end of exon 7, but was otherwise in
frame (Figure 1c). Thus, a new splice site was created by the C
to T mutation within the coding region of exon 7. The
deduced amino acid sequence from the B6 sample was
identical to the published B6 reference sequence. The DM
sample yielded two deduced amino acid sequences, one of
which was identical to the reference B6 sequence (referred to
as WT IL-15) and the other was missing the first 16 amino acid
encoded by exon 7 but was otherwise identical to the
reference B6 sequence. This IL-15 isoform was referred to as
DM IL-15 or IL-15DE7 for IL-15-deleted (1-48) E7 (Figure 1c).
IL-15DE7 expression in the DM epidermis was 4.9-fold that
of the WT epidermis (Figure 1d). The quantity of IL-15DE7
mRNA was 1.2-fold that of IL-15 mRNA in the DM epidermis.
The total IL-15 mRNA transcripts including both IL-15 and
IL-15DE7 in the DM epidermis (54,350±3,847 copies)
was significantly higher than that in the WT epidermis
(32,297±3,108 copies) (Figure 1d). Such an increase in the
total IL-15 (IL-15þ IL-15DE7) transcripts was not found in the
muscle or the spleen (Supplementary Figure S2 online). A high
IL-15DE7/IL-15 mRNA ratio in the DM epidermis presented an
opportunity for us to study the effects of the IL-15DE7 isoform
on KC response to stimulation.
Abrasion-induced skin thickening is reduced in DM mouse skin
WT, DM, and Il15 /mice were stimulated by needle
abrasion. Although unabraded skin of DM and Il15 /mice
did not exhibit altered histology (Figure 2a), abrasion-induced
epidermal and dermal thickening was greatly reduced in DM
mice (Figure 2b). Interestingly, epidermal and dermal thick-
ness in Il15 / mice after abrasion was closer to the thickness
of WT than to that of DM mice. These results suggest that
reduced skin thickening in DM mice after abrasion is not due
to the lack of IL-15.
Abrasion-induced keratinocyte proliferation is reduced in DM
skin
To access KC proliferation in DM mice, skin sections were
stained with anti-Ki67 antibody (Drach et al., 1989). In
unstimulated normal skin, Ki67þ cells were sporadically
distributed and largely confined to the basal cell layer of
WT, DM, and Il15 / mice (Figure 2c). Although Ki67þ cells
in abraded WT and Il15 / skin were found in both the basal
and the suprabasal cell layers, they were confined to the basal
cell layer in abraded DM epidermis (Figure 2c). The number of
Ki67þ cells in the unabraded DM epidermis was comparable
to that in WT and Il15 /epidermis but was significantly
lower in DM epidermis compared with WT and Il15 / mice
after abrasion (Figures 2c and d). These data indicate that
abrasion-induced KC proliferation was inhibited in DM skin
and the inhibition is not due to the lack of IL-15.
Less neutrophil infiltration in abraded DM skin
Serial sections of skin samples were stained with anti-Ly6G to
evaluate neutrophil infiltration to abraded skin (Daley et al.,
2008). Although neutrophils were virtually absent in unstimu-
lated normal skin of WT, DM, and Il15 /mice, needle
abrasion-induced prominent Ly6G-expressing neutrophil infil-
tration in WT and Il15 / skin but was slightly increased in
DM skin (Figures 2e and f). These results show that neutrophil
infiltration into injured skin is not regulated by IL-15. We
hypothesized that reduced neutrophil infiltration to the
abraded DM skin is a consequence of IL-15DE7 action.
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Abrasion-induced neutrophil infiltration is reduced in DM skin
graft on the WT host
Next, we performed a skin transplant experiment to delineate
whether reduced neutrophil infiltration to DM skin is due to
insufficient inflammatory cues produced by epidermal KCs or
due to reduced neutrophil trafficking. DM skin (tDM) was
grafted on a WT recipient (tDM-of-WT) and WT skin (tWT)
was grafted on a DM recipient (tWT-of-DM). Both tDM-of-WT
and tWT-of-DM grafts were well vascularized and survived
(Figure 3a). Abrasion of tDM-of-WT skin resulted in less scar
formation, epidermal thickening, and cellular infiltration
compared with tWT-of-DM skin (Figure 3b). The number of
infiltrated neutrophils into abraded tDM-of-WT skin was less
than that into tWT-of-DM skin (Figure 3c). These results
demonstrated that IL-15DE7 in DM skin functions to reduce
neutrophil infiltration after abrasion.
Ectopic expression of IL-15DE7 in the epidermis profoundly
inhibits keratinocyte proliferation and neutrophil infiltration to
abraded skin
The role of IL-15DE7 was further investigated by comparing
ectopic expressions of IL-15DE7, IL-15, and empty vector in the
WT epidermis. The expression of IL-15DE7 and IL-15 peaked at
d2 and remained at the same level until d3 after transduction
(Figure 4a and b). Skin abrasion was performed on d3 after
transduction. Histological analysis revealed that epidermal
thickness in IL-15-expressing skin was less than that in vector
control and that was further reduced in IL-15DE7-expressing
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Figure 1. An N-ethyl-N-nitrosourea-induced point mutation in exon 7 of the Il15gene results in prevalent expression of IL-15DE7 isoform in deficient memory
(DM) mouse skin. (a) IL-15 reverse transcriptase–PCR analysis of wild type (lane 1) and DM (lane 2) peripheral blood leukocytes by Caliper LabChip GX, 1 K chip
(Perkin Elmer, Waltham, MA). (b) IL-15 reverse transcriptase–PCR analysis of 5000 sorted B6 (lanes 1, 3, 5, and 7) and DM (lanes 2, 4, 6, and 8) spleen,
macrophages (lanes 1 and 2), dendritic cells (lanes 3 and 4), T cells (lanes 5 and 6), and B cells (lanes 7 and 8). (c) One of two reverse transcriptase–PCR products
for P191 (DM) was identical with the B6 DNA sequence, and the other with complete missing of the 50 end of exon 7. (d) Measurement (mean±SEM) of expression
of IL-15DE7, IL-15, and total IL-15 messenger RNA in wild type (n¼ 4), DM (n¼8), or Il15þ / (n¼ 4) epidermis by real-time PCR (unpaired Student’s t-test).
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skin (Figure 4c and Supplementary Figure S3 online). Abrasion-
induced increase in the number of Ki67þ cells and Ly6Gþ
neutrophils was also reduced in skin expressing IL-15, and
further reduced in skin expressing IL-15DE7 (Figures 4d and e).
Together, these experiments demonstrate that forced expres-
sion of IL-15DE7 in the epidermis inhibits KC proliferation and
neutrophil recruitment to injured skin.
IL-15DE7 inhibits Sox9 but enhances loricrin expression in
abraded skin
It is shown that expression of Sox9 inhibits KC differentia-
tion (Shi et al., 2013) and that expression of loricrin is
strictly linked to KC terminal differentiation (Mehrel et al.,
1990). We then examined the effects of forced expres-
sion of IL-15 and IL-15DE7 in skin on Sox9 and loricrin
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Figure 2. Abrasion-induced skin thickening, keratinocyte proliferation, and neutrophil infiltration are less in deficient memory (DM) skin. (a) Paraffin skin
sections of wild type, DM, and Il15 / mice were stained by hematoxylin and eosin for histological analysis. E, epidermis; D, dermis. Bars¼ 100mm. (b) A 1-mm
segment from hematoxylin and eosin-stained sections from either normal (n¼ 4) or abraded (n¼4–5) skin was selected for quantitative analysis (mean±SEM,
unpaired Student’s t-test; n.s., not significant). (c–f) Normal and abraded (48 hours) skin sections were stained with anti-Ki67 (c) or anti-Ly6G (e) antibody for
immunohistochemical analysis. Brown¼DAB; bar¼ 50mm (mean±SEM, n¼ 4–5 each group; two-way analysis of variance followed by Bonferroni’s post hoc test).
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expression. Whereas abrasion transiently upregulated
Sox9 expression in the control skin, Sox9 expression
remained at the basal level in both IL-15DE7- or IL-15-
expressing skin (Figure 4f). Interestingly, loricrin expres-
sion was modestly and strongly increased by ectopically
expressed IL-15DE7 and IL-15, respectively (Figure 4g).
Although loricrin expression in the control group remained
at basal level at 24 hours, the expression was first
reduced to the level of control at 12 hours but increased
at 24 hours in IL-15DE7- and IL-15-expressing skin after
abrasion; the increase was higher in IL-15DE7-expressing
than in IL-15-expressing skin (Figure 4g). These results
demonstrate that IL-15DE7 enhances skin resistance to
external stimulation and reduces KC activation and subse-
quent proliferation.
Overexpression of IL-15DE7 suppresses KC/CXCL1 and G-CSF
production in abraded skin
KC activation is accompanied by the release of cytokines and
chemokines in inflamed skin, including G-CSF and KC/CXCL1
(Effendy et al., 2000). G-CSF triggers the release of neutrophils
from the bone marrow to the blood stream (Sadik, Kim and
Luster, 2011) and KC/CXCL1 promotes neutrophil infiltration
to the activated epidermis (Cataisson et al., 2006). We found
that, while productions of KC/CXCL1 and G-CSF were at basal
levels in unabraded skin, abrasion-induced an upregulation of
both cytokines in control skin but not in IL-15DE7- or IL-15-
expressing skin. Basal levels of KC/CXCL1 and G-CSF in skin
ectopically expressing IL-15 were slightly higher than that in
control, indicating that abrasion reduced their production
(Figures 4h and i). These results indicate that reduced
production of KC/CXCL1 and G-CSF in abraded skin over-
expressing IL-15DE7 is likely caused by inhibition of KC
activation by IL-15DE7.
Overexpression of IL-15DE7 inhibits neutrophil infiltration to
SDS- and IMQ-treated skin
IL-15DE7-expressing WT mice were treated with 10% SDS or
IMQ cream to induce irritant contact dermatitis or psoriasis-like
skin, respectively (Le et al., 1996; van der Fits et al., 2009).
SDS-induced epidermal thickening, scar formation, and
prominent dermal infiltration of Ly6Gþ neutrophils in WT
mice (Figure 5a). Although scar formation was also observed
in DM and IL-15DE7-expressing WT mice, Ly6Gþ neutrophils
were significantly reduced in these groups of mice compared
with WT mice (Figure 5b).
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Figure 3. Abrasion-induced neutrophil infiltration is reduced in deficient memory (DM) skin graft on wild-type host. (a) Photographs of skin grafts on the
recipients as indicated at 7, 30, and 40 days after transplantation. (b) Skin grafts at day 40 were abraded, excised at 48 hours and the sections were stained for
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epidermis by hematoxylin and eosin analysis. Results shown are one representative experiment from two independent experiments.
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IMQ application induced evident inflammation in WT
mice. Analysis of hematoxylin and eosin (H&E)-stained sec-
tions of back skin showed an increased epidermal thickness
and dermal infiltrate on d3, which continuously increased in
severity up to d6 in WT mice (Figure 5c). In contrast,
alterations in KC proliferation and severity of dermal infiltra-
tion were much reduced in DM and IL-15DE7-expressing
WT skin (Figure 5c). The total number of Ly6Gþ cells in
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IMQ-treated DM and IL-15DE7-expressing WT skin was com-
parable, but they were significantly decreased compared with
WT skin over 6 consecutive days of IMQ treatment (Figure 6d).
Phosphorylation of STAT-5 and expression of bcl-2 mRNA are
suppressed by IL-15DE7
IL-15 signals through the common g (gc) chain and IL-2 receptor
b chain and activates the Janus kinase Jak3 and especially
STAT-5 for cell survival and activation (Oakes et al., 1996; Ring
et al., 2012). To investigate the effects of IL-15DE7 on the JAK/
signal transducer and activator of transcription (STAT) signal
pathway, we generated recombinant IL-15DE7 and IL-15 from a
GST expression vector and stimulated IL-2/IL-15-dependent HT-
2 cells to assess the phosphorylation of STAT-5. STAT-5 was
phosphorylated following IL-15-GST but not IL-15DE7-GST
treatment (Figure 6a). Activation of STAT-5 also resulted in
the induction of its downstream target bcl-2 mRNA expression
by IL-15, but no induction was found in cells stimulated by
IL-15DE7 (Figure 6b), indicating that IL-15DE7 activated differ-
ential activation of IL-15R-dependent signaling pathways.
DISCUSSION
We aimed to study the in vivo function of IL-15DE7 in KC
response to mechanical stimulation. By using ENU-mutagen-
ized DM mice that expressed both IL-15DE7 isoform and IL-15
in the skin and by ectopic expression of IL-15DE7, we showed
that IL-15DE7 effectively inhibited abrasion-induced KC pro-
liferation, skin thickening, and subsequent cytokine and
chemokine production and neutrophil infiltration. Similar
effects mediated by IL-15DE7 were also demonstrated in
SDS- and IMQ-induced inflammation in WT skin. The results
presented here on the alternatively spliced variant IL-15DE7
demonstrate that this naturally occurring IL-15 isoform reg-
ulates KC activation, pointing to the therapeutic potential of
IL-15DE7 in resolving inflammatory disorders in the skin.
Upon injury, KC are activated, withdrawn from the cell
cycle, and promptly synthesize additional proinflammatory
cytokines and chemokines causing polymononuclear cell
infiltration (Freedberg et al., 2001; Kennedy-Crispin et al.,
2012). Our results showed that abrasion-induced KC prolife-
ration and dermal neutrophil infiltration in DM skin were
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significantly less than in WT skin. Similarly, ectopic expression
of IL-15DE7 cDNA in WT skin resulted in reduced KC
activation and proliferation after abrasion, accompanied by
increased basal level expression of the structure-related
loricrin gene without induction of proliferation-related Sox9
gene expression. Loricrin is the major component of the
cornified envelop specifically expressed in the granular layer
of the epidermis (Mehrel et al., 1990). On the basis of our
experiments with the loricrin gene, we speculate that IL-
15DE7 suppresses KC response to external stimulation by
enhancing skin resistance to external stimulation.
Continuous influx of neutrophils to inflamed skin promotes
subsequent recruitment of infiltrating immune effector cells
and further amplifies the inflammatory responses in psoriatic
lesions (Lowes et al., 2007). Our experiments demonstrate that
ectopic expression of IL-15DE7 reduces KC/CXCL1 and G-CSF
expression in WT skin. Skin graft transplantation experiment
also showed that tDM-of-WT had much reduced neutrophil
infiltration compared with tWT-of-DM after abrasion, suggest-
ing that reduced neutrophil infiltration is due to less activation
of DM KC in response to external stimulation. As KC/CXCL1
and G-CSF are products of KC activation, our results suggest
that blocking dermal infiltration of neutrophils by IL-15DE7 is
likely a secondary event following inhibition of KC activation.
A recent study of psoriasis in Chinese families unveiled
a significant genetic association between psoriasis and
single-nucleotide polymorphisms (SNPs) in the Il15 gene
(Zhang et al., 2007). The function of IL-15 in an imiquimod-
induced psoriasiform inflammation has been demonstrated in
a mouse skin xenograft model (Bouchaud et al., 2013; van der
Fits et al., 2009), suggesting a pathological role of IL-15 in
promoting cutaneous inflammation. Although no human
condition has been established for the specific IL-15 isoform
reported here, our results showed that ectopic expression of
IL-15 or IL-15DE7 effectively suppressed IMQ-induced KC
proliferation and neutrophil infiltration. It appears that IL-15
and IL-15DE7 expressed at the injured site rather than by
recruited immune cells inhibit KC activation and enhance KC
resistance to abrasion.
IL-15Ra is a high-affinity receptor for IL-15 (Giri et al.,
1995). KCs express both IL-15 and IL-15Ra (Bouchaud et al.,
2013; Loser et al., 2004). Binding of IL-15 to IL-15Ra
presented in trans to the IL-2Rbg c complex expressed on
neighboring effector cells initiates cellular activation (Dubois
et al., (2002)) via three distinct pathways involving JAK/STAT,
phosphoinositide 3-kinase, and the mitogen-activated protein
kinase signal pathways (Grabstein et al., 1994; Lodolce et al.,
1998; Mishra et al., 2014). Our results demonstrating that IL-
15DE7 failed to activate phosphorylation of STAT-5 and
suppressed the expression of bcl-2 mRNA have suggested
that IL-15DE7 transduces differential signaling compared with
WT IL-15. Deletion in the first 16 amino acids of exon 7 in the
IL-15DE7 may also likely have a loss of the binding motif to IL-
15Ra (Olsen et al., 2007). Further work is required to work out
how IL-15DE7 regulates KC activation and blocks neutrophil
recruitment to damaged skin.
In summary, using an ENU-mutagenized mouse model and
by ectopic expression of IL-15DE7 in WT mouse skin, we
discovered a role for the naturally occurring IL-15 splice
variant in the skin. We demonstrated that IL-15DE7 regulates
epidermal KCs activation and blocks subsequent inflammatory
events triggered by mechanical stimulus. Our results uncover
the possibility of using IL-15DE7 as a therapeutic agent to
block the early events in cutaneous inflammation that involves
neutrophil infiltration.
MATERIALS AND METHODS
Mice
WT C57BL/6 mice at 6–12 weeks of age and IL-15-deficient (Il15 / )
mice were purchased from the National Laboratory Animal Center,
Taiwan, and from Taconic Farm, respectively. DM mice were
originally generated by using ENU mutagenization at The Mouse
Mutagenesis Program Core Facility, Institute of Molecular Biology,
Academia Sinica. Il15 / and Il15þ / mice were generated by
breeding Il15þ / heterozygotes with WT, and the genotype was
confirmed by PCR analysis. DM, Il15 / , and Il15þ / mice were
maintained at the Laboratory Animal Center, College of Medicine,
National Taiwan University. All procedures involving the use of mice
were approved by our Institutional Animal Care and Use Committee.
Stimulation, ectopic expression of Il-15 and Il-15DE7 cDNA in
skin and skin graft transplantation
Mice were anesthetized by intraperitoneal injection of Avertin (Sigma-
Aldrich, St. Louis, MO) (400mg g 1 body weight). Shaved flank skin
was either abraded by drawing across the surface (1 1 cm2) 20 times
with a 19-G needle or treating with 10% SDS (Bio-Rad, Hercules, CA)
for 24 hours or topically treating with a dose (60 mg per dose) of
imiquimod cream (5%) (Aldara, 3M Pharmaceuticals, St. Paul, MN) for
6 consecutive days. A measure of 10mg of plasmid DNA expressing
IL-15 or IL-15DE7 in 10ml of phosphate-buffered saline was delivered
to the epidermis of WT mouse flank skin by abrading the skin surface
(1 1 cm2) with acupuncture needles (36 G 0.5’’).
For skin graft transplantation, a piece of back skin (2 2 cm2)
excised from an anesthetized DM or WT donor mouse was
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Figure 6. IL-15DE7 suppresses phosphorylation of STAT-5 and expression of
bcl-2 mRNA in HT-2 cells. HT-2 cells (1106) were starved for 4 hours and
stimulated with recombinant GST fusion IL-15 (IL-15/GST) or IL-15DE7
(IL-15DE7/GST) protein (400 ng ml 1), or left untreated for 2 hours. (a) Protein
lysate (25mg) was subjected to 7.5% SDS-PAGE and probed with rabbit
polyclonal anti-phosphoSTAT5, anti-STAT-5, or anti-a tubulin antibody for
immunoblot analysis. (b) Expression of bcl-2 messenger RNA was measured by
quantitative real-time reverse transcriptase–PCR and normalized to b-actin
messenger RNA. Results are expressed by fold change compared with
untreated control. Each bar represents the mean±SEM from technical
duplicates of two independent measurements (one-way analysis of variance,
Tukey’s multiple comparison test).
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reciprocally placed onto each animal. The graft was covered with a
sterile gauze and sutured cross-over and around the edges. Sutures
were removed on day 7. Photographs were taken weekly to monitor
the survival of skin grafts. All procedures involving the use of mice
were approved by our Institutional Animal Care and Use Committee.
Additional methods
Construct, recombinant GST fusion protein, RNA isolation and
quantitative real-time reverse transcriptase–PCR (QRT-PCR), western
blot, cytokine ELISA analysis, immunohistochemical staining,
image analysis methods, and statistical analysis are described in
Supplementary Materials online.
CONFLICT OF INTEREST
The authors declare no conflict of interest.
ACKNOWLEDGMENTS
This work was supported by grants from the National Science Council (NSC97-
2320-B-002-005-MY3, NSC102-2633-B-002-002 to CCK; and NSC96-3112-B-
001-007, NSC96-3112-B-001-008 to JTK). The authors thank Dr Betty A,
Wu-Hsieh, and Dr Peter Hoffmann for reading the manuscript; Dr Pei-Hsin
Huang, Hsueh-Chin Chen for histological assessment; and Dr Wen-Chi Wei, Dr
Kuo-Yi Lin, Zheng-Rong Li, Li-Wen Luo, and Yueh-Feng Wu for data analysis.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/jid
REFERENCES
Allavena P, Giardina G, Bianchi G et al. (1997) IL-15 is chemotactic for natural
killer cells and stimulates their adhesion to vascular endothelium.
J Leukoc Biol 61:729–35
Angiolillo AL, Kanegane H, Sgadari C et al. (1997) Interleukin-15 promotes
angiogenesis in vivo. Biochem Biophys Res Commun 233:231–7
Bouchaud G, Gehrke S, Krieg C et al. (2013) Epidermal IL-15Ralpha acts as an
endogenous antagonist of psoriasiform inflammation in mouse and man.
J Exp Med 210:2105–17
Cataisson C, Pearson AJ, Tsien MZ et al. (2006) CXCR2 ligands and G-CSF
mediate PKCalpha-induced intraepidermal inflammation. J Clin Invest
116:2757–66
Chiang A, Tudela E, Maibach HI (2012) Percutaneous absorption in diseased
skin: an overview. J Appl Toxicol 32:537–63
Daley JM, Thomay AA, Connolly MD et al. (2008) Use of Ly6G-specific
monoclonal antibody to deplete neutrophils in mice. J Leukoc Biol 83:64–70
Drach J, Gattringer C, Glassl H et al. (1989) Simultaneous flow cytometric
analysis of surface markers and nuclear Ki-67 antigen in leukemia and
lymphoma. Cytometry 10:743–9
Dubois S, Mariner J, Waldmann TA et al. (2002) IL-15Ralpha recycles and
presents IL-15 In trans to neighboring cells. Immunity 17:537–47
Effendy I, Loffler H, Maibach HI et al. (2000) Epidermal cytokines in murine
cutaneous irritant responses. J Appl Toxicol: JAT 20:335–41
Elder JT (2007) IL-15 and psoriasis: another genetic link to Th17? J Investig
Dermatol Symp Proc 127:2495–7
Freedberg IM, Tomic-Canic M, Komine M et al. (2001) Keratins and the
keratinocyte activation cycle. J Investig Dermatol Symp Proc 116:633–40
Giri JG, Kumaki S, Ahdieh M et al. (1995) Identification and cloning of a novel
IL-15 binding protein that is structurally related to the alpha chain of the
IL-2 receptor. EMBO J 14:3654–63
Grabstein KH, Eisenman J, Shanebeck K et al. (1994) Cloning of a T cell growth
factor that interacts with the beta chain of the interleukin-2 receptor.
Science 264:965–8
Kennedy-Crispin M, Billick E, Mitsui H et al. (2012) Human keratinocytes’
response to injury upregulates CCL20 and other genes linking innate and
adaptive immunity. J Investig Dermatol Symp Proc 132:105–13
Kennedy MK, Glaccum M, Brown SN et al. (2000) Reversible defects in natural
killer and memory CD8 T cell lineages in interleukin 15-deficient mice.
J Exp Med 191:771–80
Le M, Schalkwijk J, Siegenthaler G et al. (1996) Changes in keratinocyte
differentiation following mild irritation by sodium dodecyl sulphate. Arch
Dermatol Res 288:684–90
Lodolce JP, Boone DL, Chai S et al. (1998) IL-15 receptor maintains lymphoid
homeostasis by supporting lymphocyte homing and proliferation. Immu-
nity 9:669–76
Loser K, Mehling A, Apelt J et al. (2004) Enhanced contact hypersensitivity and
antiviral immune responses in vivo by keratinocyte-targeted overexpres-
sion of IL-15. Eur J Immunol 34:2022–31
Lowes MA, Bowcock AM, Krueger JG (2007) Pathogenesis and therapy of
psoriasis. Nature 445:866–73
McInnes IB, Leung BP, Sturrock RD et al. (1997) Interleukin-15 mediates T cell-
dependent regulation of tumor necrosis factor-alpha production in
rheumatoid arthritis. Nat Med 3:189–95
Mehrel T, Hohl D, Rothnagel JA et al. (1990) Identification of a major
keratinocyte cell envelope protein, loricrin. Cell 61:1103–12
Mishra A, Sullivan L, Caligiuri MA (2014) Molecular pathways: interleukin-15
signaling in health and in cancer. Clin Cancer Res 20:2044–50
Oakes SA, Candotti F, Johnston JA et al. (1996) Signaling via IL-2 and IL-4 in
JAK3-deficient severe combined immunodeficiency lymphocytes: JAK3-
dependent and independent pathways. Immunity 5:605–15
Olsen SK, Ota N, Kishishita S et al. (2007) Crystal Structure of the interleukin-
15.interleukin-15 receptor alpha complex: insights into trans and cis
presentation. J Biol Chem 282:37191–204
Ring AM, Lin JX, Feng D et al. (2012) Mechanistic and structural insight into
the functional dichotomy between IL-2 and IL-15. Nat Immunol 13:
1187–95
Sadik CD, Kim ND, Luster AD (2011) Neutrophils cascading their way to
inflammation. Trends Immunol 32:452–60
Sagoo GS, Tazi-Ahnini R, Barker JW et al. (2004) Meta-analysis of genome-
wide studies of psoriasis susceptibility reveals linkage to chromosomes
6p21 and 4q28-q31 in Caucasian and Chinese Hans population. J Investig
Dermatol Symp Proc 122:1401–5
Shi G, Sohn KC, Li Z et al. (2013) Expression and functional role of Sox9 in
human epidermal keratinocytes. PLoS One 8:e54355
Tan X, Lefrancois L (2006) Novel IL-15 isoforms generated by alternative
splicing are expressed in the intestinal epithelium. Genes Immun 7:407–16
van der Fits L, Mourits S, Voerman JS et al. (2009) Imiquimod-induced
psoriasis-like skin inflammation in mice is mediated via the IL-23/IL-17
axis. J Immunol 182:5836–45
Verri WA Jr, Cunha TM, Ferreira SH et al. (2007) IL-15 mediates antigen-
induced neutrophil migration by triggering IL-18 production. Eur J
Immunol 37:3373–80
Wilkinson PC, Liew FY (1995) Chemoattraction of human blood T lymphocytes
by interleukin-15. J Exp Med 181:1255–9
Yan KL, Huang W, Zhang XJ et al. (2007) Follow-up analysis of PSORS9 in 151
Chinese families confirmed the linkage to 4q31-32 and refined the
evidence to the families of early-onset psoriasis. J Investig Dermatol Symp
Proc 127:312–8
Yano S, Komine M, Fujimoto M et al. (2003) Interleukin 15 induces the signals
of epidermal proliferation through ERK and PI 3-kinase in a human
epidermal keratinocyte cell line, HaCaT. Biochem Biophys Res Commun
301:841–7
Zhang XJ, Yan KL, Wang ZM et al. (2007) Polymorphisms in interleukin-15
gene on chromosome 4q31.2 are associated with psoriasis vulgaris in
Chinese population. J Investig Dermatol Symp Proc 127:2544–51
Zhang XJ, Zhang AP, Yang S et al. (2003) Association of HLA class I alleles with
psoriasis vulgaris in southeastern Chinese Hans. J Dermatol Sci 33:1–6
T-L Lee et al.
Alternatively Spliced IL-15 Variant Inhibits Keratinocyte Activation
www.jidonline.org 1337
